Liquid chromatography (LC) is a powerful tool in trace metal analysisl-3, especially in cases where the available quantity of samples is strictly limited, e.g. clinical examination, air pollution monitoring, and quality control in the electronics industry. Although the current sensitivity is high, it is often limited by peak broadening due to the large elution volume used and slow mass-transfer kinetics. In fact, the LC column is an effective dilution device. 4 A powerful alternative seems to be the micellar electrokinetic capillary chromatography (MECC) system in which the electroosmotic delivery of a mobile aqueous phase with a micellar pseudo-stationary phase is utilized; this system was first described by Terabe and coworkers.5-' In this type chromatography, an almost ideal plug-flow velocity profile of electroosmotic fluids and a micellar pseudo-stationary phase of colloidal dimension dispersed in a bulk aqueous phase provide extremely high theoretical plate numbers (more than 2X105 plates/60 cm, HETP=(2 -4) µm).56 Excellent success of the MECC system has been demonstrated for the separation of phenols5, amino acids', B6 vitamers9, oligonucleotides10, and metal chelates11, as well as a theoretical bases for the separation processes presented. 6, 12, 13 Although such extremely high efficiency of the MECC (sharpness of peaks) can undoubtedly afford an improvement of the spectrophotometric detection limits (D.L.), there is a possible disadvantage associated with the minute detector volume and short light path length. In the case of the oncolumn absorbance detection mode, the detector light path is as long as the diameter of the capillary used (typically 0.05 mm), which is by a factor of 1/200 shorter than that of ordinary 10 mm cells. Nonetheless, indeed, the very low detection limit on a mass basis (1.4 fmol f or the 4-(2-pyridylazo)resorcinolatoCr(III) chelate) has been suggested. ll An investigation has thus been conducted to assess the attainable D.L. of metals with the MECC-spectrophotometric detection system using water-soluble porphines as precolumn labeling agents, since they have enormous great molar absorption coefficients (E~ 7X105 cm 1 M-1) at the Soret absorption bands.14 Among the porphine analogs examined, aj3,y,S-tetrakis(4-carboxyphenyl)porphine (TCPP) was found to be one of the most promising reagents for MECC application using a sodium dodecyl sulfate (SDS) micellar solution.
The present work describes the first access to the subfemtomole detection of metal chelates in solution with a spectrophotometric means coupled with the MECC separation scheme without any preconcentration processes.
Experimental
The MECC system used in this work is basically similar to that described by Terabe et al.5 A fused silica glass capillary tube (0.05 mm boreX850 mm in length, from Scientific Glass Engineering Inc.) was used. A constant current supply of a Shimadzu isotachophoresis (IP-2A) with platinum electrodes was used as a highvoltage DC power unit. A spectrophotometric detector (UVIDEC 100-IV from JASCO) was operated at 0.16 or 0.005 absorbance unit full-scale (aufs) range at 422 nm. A minor modification of the detector was devised to fix the capillary onto the proper position in place of an ordinary 8 µl flow cell. An entrance slit of 0.05 mmX 1.0 mm made of aluminum foil was fitted just to the capillary tube at 150 mm from the negative end. Data acquisition was carried out with an LC data processor (Shimadzu Chromatopak C-R3A).
The capillary column was filled with a micellar solution comprising 0.02 M sodium dodecyl sulfate (SDS), 0.05 M imidazole, 0.05 M NaH2PO4, and ANALYTICAL SCIENCES JUNE 1991, VOL. 7 0.0125 M Na2B4O7 at pH 7.0. Introduction of the sample solution into the capillary, to 3 mm from the positive end (6 nl), was achieved by siphonic action. The driving current was set at 25 to with a separation voltage of 16.5 kV. The chromatography was run at 25±1° C in a safety box with an interlock system. Basically, the reported conditions for TCPP chelate formation reactions were followed.ls,16 Catalysts, Hg(II) ion (4X106 M as nitrate) and pyridine (0.01 M) were added to facilitate complexation reactions with the metal ions examined (within 20 min) in a borate buffer solution at pH 9.2. 16 The appropriate amounts of SDS, imidazole and the pH-buffer salts were added to the sample solutions to provide a similar bulk composition to the filling micellar solution. Since TCPP chelates are somewhat light-sensitive, amber flasks were used for the sample preparation.
Results and Discussion
A typical chromatogram for some TCPP chelates is shown in Fig. 1 . The base-line resolved separation of the TCPP chelates is quite successfully achieved with MECC. The elution order of the chelates is similar to that obtained by ordinary reversed-phase HPLC on an ODS column.16 However, for the present no cause for the seriously leading peaks of TCPP and the Cu(II) chelate in this MECC can be suggested..
In the HPLC system, the peak resolution of Mn(III) and Co(III) was successfully improved by adding pyridine (0.01 M) into the eluent. 16 In the MECC scheme, for the benefit of the pH control at 7.0, 0.05 M imidazole, in place of pyridine, was dissolved in the filling micellar solution. The addition of imidazole gives rise to an enhanced retention of the Co(III) chelate via a favorable partition into the SDS micellar pseudo-phase as the result of the possible coordination of imidazole molecules on the axial sites of this TCPP chelate.
Owing to the high inertness of the TCPP chelates, the MECC system can be run without the addition of TCPP in the mobile aqueous phase; this assures a high sensitivity for the chelates with minimal background fluctuation (inherent system noise), about 5X105 absorbance.
The Zn(II)-TCPP chelate shows excellent peak shape and a greatest e value of 6.78X 105 M-1 cm~l at 422 nm;15, , clearly reveals that the excellent efficiency of the MECC system provides a much greater sensitivity than does the conventional HPLC. The approach described here is quite encouraging regarding the achievement of such an ultratrace detection of metals using a commonly available absorbance detector. It is stressed that this detection scheme coupled with MECC is perfectly compatible with a multielemental purpose. We believe that the greatly increased sensitivity in combination with the ultrasmall sample size will find unique applications in various fields of trace metal chemistry.
